Large area surveys with a high number of galaxies observed have undoubtedly marked a milestone in the understanding of several properties of galaxies, such as star-formation history, morphology, and metallicity. However, in many cases, these surveys provide fluxes from fixed small apertures (e.g. fibre), which cover a scant fraction of the galaxy, compelling us to use aperture corrections to study the global properties of galaxies. In this work, we derive the current total star formation rate (SFR) of Sloan Digital Sky Survey (SDSS) star-forming galaxies, using an empirically based aperture correction of the measured Hα flux for the first time, thus minimising the uncertainties associated with reduced apertures. All the Hα fluxes have been extinction-corrected using the Hα/Hβ ratio free from aperture effects. The total SFR for ∼210,000 SDSS star-forming galaxies has been derived applying pure empirical Hα and Hα/Hβ aperture corrections based on the Calar Alto Legacy Integral Field Area (CALIFA) survey. We find that, on average, the aperture-corrected SFR is ∼0.65dex higher than the SDSS fibre-based SFR. The relation between the SFR and stellar mass for SDSS star-forming galaxies (SFR-M ) has been obtained, together with its dependence on extinction and Hα equivalent width. We compare our results with those obtained in previous works and examine the behaviour of the derived SFR in six redshift bins, over the redshift range 0.005 ≤ z ≤ 0.22. The SFR-M sequence derived here is in agreement with selected observational studies based on integral field spectroscopy of individual galaxies as well as with the predictions of recent theoretical models of disc galaxies.
Introduction
In the last two decades we have witnessed the revolutionary appearance of large area surveys with a huge number of galaxies observed (e.g. Sloan Digital Sky Survey (SDSS), York et al. 2000; 2dFGRS, Colless et al. 2001; VVDS, Le Fèvre et al. 2005 ; GAMA, Driver et al. 2011 ). These surveys have been very useful for performing a complete study of the non-uniform distribution of galaxies in the Universe (large-scale structure) and to understand galaxy formation and evolution. They also give us information about important properties of galaxies, such as morphology, stellar mass, star formation rate, metallicity, and dependence on the environment. These surveys used single-fibre spectroscopy with small apertures (e.g. 2" diameter for 2dFGRS and GAMA, and 3" diameter for SDSS) and therefore cover a limited region of the galaxy, thus providing partial information on the extensive properties of galaxies. For a more detailed analysis of the integrated properties of each galaxy, it is necessary to make use of integral field spectrographs (IFS, e.g. Kehrig et al. 2012 Kehrig et al. , 2016 . IFS surveys, such as SAURON (Bacon et al. 2001) , PINGS (Rosales-Ortega et al. 2010) , MASSIV (Contini et al. 2012) , CALIFA (Sánchez et al. 2012; García-Benito et al. 2015) , and MANGA (Bundy et al. 2015) , are based on arrays of fibres and allow us to obtain information from the whole galaxy. However, the integration times necessary to observe each galaxy are SFR for ∼210,000 SDSS star-forming galaxies and related relevant data will be made available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.
long, hindering the acquisition of a large number of galaxies in comparison with that obtained from single-fibre surveys.
It is clear that to gain a better insight into the global properties of galaxies we need tools that allow us to link both singlefibre and IFS surveys. In this work we make use of one of these tools for the purpose of studying the total current star formation rate (hereafter SFR) of star-forming galaxies, using their total Hα fluxes emitted by the gas ionised by young massive stars (e.g. Kennicutt 1998; Kennicutt et al. 2009 ). The SFR presents a wellknown characteristic relation with the stellar mass (e.g. Brinchmann et al. 2004b ). In the SFR-stellar mass plane (SFR-M ), active star-forming galaxies define a distinct sequence called main sequence (Noeske et al. 2007 ). In addition, less active starforming galaxies (e.g. quenched and ageing star-forming galaxies) appear in this plane located at higher masses and lower SFR values (e.g. Renzini & Peng 2015; Casado et al. 2015; Leslie et al. 2016) , as well as a family of outliers to this main sequence (MS) that are generally interpreted as starbursts driven by merging (e.g. Rodighiero et al. 2011) . The MS of star formation has been parametrized by the following equation: log(SFR) = α log(M ) + β.
(1)
From a theoretical point of view, recent studies have obtained values for α (MS slope) near to unity (e.g. Dutton et al. 2010; Sparre et al. 2015; Tissera et al. 2016) . Dutton et al. (2010) used a semi-analytic model of disc galaxies parametrizing several properties: for example, SFRs and metallicities were computed in a spatially resolved way as a function of galactic radius. For galaxies with stellar masses between 10 9 M and 10 11 M the slope A&A proofs: manuscript no. sf_galaxies found in Dutton et al. (2010) is α = 0.96. In contrast, Sparre et al. (2015) used Illustris (state-of-the-art cosmological hydrodynamical simulation of galaxy formation; Nelson et al. 2015) to reproduce the observed star formation MS, finding a similar slope to Dutton et al. (2010) at low redshift. From observational studies quoting Hα based SFR determinations, the MS slope varies preferentially between ∼0.6 and ∼1, and β between ∼ -9 and ∼ -3, depending on the precise methodology and data used (see e.g. Rodighiero et al. 2011; Speagle et al. 2014 , and references therein). An important factor behind this spread in α and β values can be related to the aperture corrections applied to the Hα measurements.
In order to evaluate the SFR of a galaxy in single-fibre surveys, an aperture correction needs to be applied to account for the entire galaxy. This correction becomes essential in order to analyse the SFR dependence with redshift (z), especially for samples of star-forming galaxies at low z. Many such studies have dealt with the SFR of star-forming galaxies in the local Universe (e.g. Brinchmann et al. 2004b; Iglesias-Páramo et al. 2006; Salim et al. 2007; Kennicutt et al. 2008; Peng et al. 2010 ) and others extended to medium and large redshift (e.g. Madau et al. 1996; Elbaz et al. 2007; Peng et al. 2010; Whitaker et al. 2012; Drake et al. 2013 Drake et al. , 2015 . At lower redshift the effects produced by a fixed aperture size will be clearly more significant than for high redshifts. It is important to note that for galaxies about the size of the Milky Way, the 3-arcsec-diameter SDSS fibre never encompasses the complete galactic disc. For this reason, it is always necessary to use aperture corrections to derive the total SFR when using the SDSS Hα fluxes. An extra drawback produced by this limitation of the SDSS fibre is particularly relevant for "late-type" spiral galaxies (i.e. disc-dominated galaxies with Hubble type from Sb to Sdm, Dahlem 1997) since they present higher star formation in the outer parts of their discs. Therefore, the Hα flux measured by SDSS for these galaxies would lead to an underestimation of the total SFR.
Several studies have already emphasised the importance of quantifying the effect of aperture in the observational data (e.g. Kewley et al. 2005; Kennicutt et al. 2008; Mast et al. 2014) and also when comparing with the theoretical model predictions (Guidi et al. 2016 ). To our knowledge, a solid empirical aperture correction has not yet been implemented in a systematic way for the analysis of large samples of galaxies. Up to now, most studies quantifying the total SFR of galaxies from single-fibre surveys apply aperture corrections using modelbased methods (e.g. Brinchmann et al. 2004b; Salim et al. 2007 ). Other works apply geometrical considerations in order to compensate for the unobserved Hα emission of the galaxy, scaling it according to its broad-band photometric map, or by using analytical recipes (e.g. Hopkins et al. 2003 Hopkins et al. , 2013 . For SDSS star-forming galaxies, Brinchmann et al. (2004b) originally corrected SDSS fibre SFRs from aperture effects using the resolved colour information available for each galaxy. In the Max-PlanckInstitut für Astrophysik and Johns Hopkins University (MPA-JHU) database 1 (Kauffmann et al. 2003b; Brinchmann et al. 2004b; Tremonti et al. 2004; Salim et al. 2007 ) the Brinchmann et al. (2004b) methodology, improved following Salim et al. (2007) , was used to derive SFRs. It is important to note that MPA-JHU galactic SFRs always include the nuclear emission. In addition, the median profiles of the growth curve corresponding to the Hα/Hβ aperture correction decreases when galaxy radius increases (Iglesias-Páramo et al. 2013 ). Thus, galaxies for which only the central zones are observed present overestimated 1 Available at http://www.mpa-garching.mpg.de/SDSS/.
extinction (Iglesias-Páramo et al. 2016, hereafter IP16) : on average, some bias is expected in MPA-JHU SFRs since galaxies' extinction gradients were not accounted for (Richards et al. 2016) .
A rigorous methodology to derive the total SFR of a galaxy should make use of its entire Hα flux and Hα/Hβ ratio. For single-fibre surveys, the total Hα flux of a galaxy can be obtained using an empirical aperture correction for Hα derived from IFS of nearby galaxies. According to Iglesias-Páramo et al. (2013 , the CALIFA project allows an accurate aperture correction for Hα to be derived empirically. IP16 provide the growth curve of Hα flux as a function of R 50 , the Petrosian radius containing 50% of the total galaxy flux in the r-band, on the basis of a representative sample of 165 star-forming galaxies from the CALIFA survey (Sánchez et al. 2012; Husemann et al. 2013; Walcher et al. 2014) . In this work we make use of the empirical aperture correction from IP16 in order to obtain the total Hα flux for a sample of ∼210,000 star-forming galaxies from the SDSS. From this total Hα flux we derive aperture-corrected values of SFR in each galaxy, which will allow us to study the global relation between the SFR, stellar mass, and redshift.
To our knowledge this work represents the first attempt to analyse the behaviour of the present-day SFR for a large sample including all SDSS star-forming galaxies using the total Hα emission empirically corrected by Hα aperture coverage in a systematic manner. The structure of this paper is organised as follows. In Sect. 2 we describe the data and provide a description of the methodology used to select the star-forming galaxies. We detail the methodology used to derive the entire Hα flux using the empirical aperture correction and the corresponding SFR in Sect. 3. Our main results are presented in Sect. 4 and the associated discussion in Sect. 5. Finally, a summary and the main conclusions of our work are given in Sect. 6.
Throughout the paper, we assume a Friedman-RobertsonWalker cosmology with Ω Λ0 = 0.7, Ω m0 = 0.3, and H 0 = 70 km s −1 Mpc −1 . We use the Kroupa (2001) universal initial mass function (IMF). 
Data and sample

Sample selection
Our study is based on the MPA-JHU public catalogue (Kauffmann et al. 2003b; Brinchmann et al. 2004b; Tremonti et al. 2004; Salim et al. 2007) , which gives spectroscopic data of the galaxies in the Sloan Digital Sky Survey Data Release 7 (SDSS-DR7) (Abazajian et al. 2009 ). The SDSS spectroscopic primary sample of galaxies is complete in Petrosian r magnitude in the range 14.5 ≤ r ≤ 17.7 (Strauss et al. 2002; Brinchmann et al. 2004a) . We added the photometric data from the SDSS-DR12 (York et al. 2000; Alam et al. 2015) to the MPA-JHU catalogue. The MPA-JHU catalogue contains 1,477,411 objects, of which 933,310 are galaxies with spectroscopic properties. In this catalogue, the stellar masses are estimated using spectral energy distribution (SED) fitting to ugriz photometry as described in Kauffmann et al. (2003b) . The line fluxes 3 are corrected for foreground Galactic reddening and extinction using the attenuation curve from O'Donnell (1994) and the extinction from Schlegel et al. (1998) . Finally, MPA-JHU provides the emission line fluxes measured using Gaussian fittings over the subtracted continuum and the signal-to-noise (S/N) in the whole spectrum. For those galaxies with multiple entries we selected only those with the largest S/N in the whole spectrum, reducing the total number of galaxies to 874,701.
We selected our primary sample according to the following criteria:
i) The galaxy stellar mass [log(M /M )] is selected in the range between 8.50 and 11.50. Galaxies without any estimation of the stellar mass are discarded in order to carry out a proper comparison between the SFR and the stellar mass. ii) We restricted our sample to the galaxies with small relative error of size measurements of R 50 (∆(R 50 )/R 50 ≤ 1/3). In agreement with this consideration, we removed those galaxies with ∆(R 50 )/R 50 greater than 1/3, which may be detrimental for our study when we use the growth curves from IP16 in order to derive the aperture corrected Hα flux (as will be explained in Sect. 3.1). iii) We considered galaxies with values for 1.5"/R 50 higher than 0.3 (i.e. R 50 ≤ 5"), where 1.5" is the radius of the SDSS fibre. Iglesias-Páramo et al. (2013) showed that the seeing may affect the Sérsic profile for values below this cut-off limit for the parameter 1.5"/R 50 , according to the analytical study carried out by Trujillo et al. (2001) . The full width at half maximum (FWHM) of the point spread function (PSF) has a median value of ∼3.6" in the CALIFA observations (Husemann et al. 2013; Iglesias-Páramo et al. 2013 ). iv) We did not consider galaxies whose SDSS spectra were classified as quasi stellar objects (QSO). In the original catalogue we have found 14,476 QSO galaxies. v) Spectroscopic redshift in the range 0.005 ≤ z ≤ 0.22. The lower z-limit of 0.005 was adopted in order to: a) minimise the effect in the photometric measurements for the larger nearby galaxies; b) to include galaxies with the lowest luminosities (Brinchmann et al. 2004b) . It is expected that a sizeable fraction of the low luminosity SDSS galaxies could remain unobserved for the redshift range considered (e.g. Blanton et al. 2005) .
Our resulting primary sample contains 655,734 galaxies (74.97% of the original catalogue).
Selection of the star-forming galaxies
We selected a subset of 209,276 star-forming galaxies from our primary sample described in Sect. 2.1 (31.92% from our primary sample in Sect. 2.1) applying the following criteria:
i) The S/N is greater than three for the fluxes in the strong emission lines Hα, Hβ, [OIII] , and [NII]. We have defined the S/N as the ratio of the flux and the statistical error flux, calculated with the pipeline described in Tremonti et al. (2004) (Kewley & Ellison 2008) . Below this limit in S/N, an important fraction of galaxies present negative line fluxes (Brinchmann et al. 2004b) . ii) We selected the pure star-forming galaxies according to the Kauffmann definition in the BPT diagnostic diagram (e.g. Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al. 2001; Kauffmann et al. 2003a ):
[OIII]λ 5007/Hβ versus [NII]λ 6583/Hα (see Fig. 1 ): iii) The Hα equivalent width (EW(Hα)) 5 is greater than or equal to three. This condition is assumed to avoid passive galaxies as defined by Cid Fernandes et al. (2011) .
In Table 1 we present the median (±1σ confidence interval) 6 of several parameters split into six redshift bins within the range 0.005 ≤ z ≤ 0.22. In column 1 the ∆z is presented, column 2 shows the log(M /M ), columns 3 and 4 show the S/N for the Hα emission line flux and the S/N per whole spectrum range, respectively; the EW(Hα) is presented in column 5, column 6 displays the R 50 , and the number of galaxies per redshift bin is quoted in column 7.
Empirical aperture correction and derivation of the SFR
Empirical aperture correction
The fact that SDSS fibres (3" diameter) cover only a limited region of a galaxy at low-redshift Universe (z < 0.22), implies that only a limited amount of Hα emission can be measured. Table 1 . Values of relevant parameters corresponding to the median (±1σ confidence interval) of the distribution for the star-forming galaxies in six redshift bins up to z=0.22 in the total sample.
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Notes. The columns correspond to: (1) range of redshift considered; (2) In order to derive the total Hα flux of each galaxy in our final sample, we corrected the SDSS Hα fluxes for aperture using the empirical aperture corrections in IP16. 7 IP16 provide aperture corrections for emission lines and line ratios in a sample of spiral galaxies from the CALIFA database. Median growth curves of Hα and Hα/Hβ, up to 2.5R 50 , were computed to simulate the effect of observing galaxies through apertures of varying radii. The median growth curve of the Hα flux (the Hα/Hβ ratio) shows a monotonous increase (decrease) with radius, with no strong dependence on galaxy properties (i.e. inclination, morphological type, and stellar mass). The IP16 sample of CALIFA star-forming galaxies spans over the whole range in galaxy mass studied in this work (see IP16 for more details).
To strengthen the relevance of the CALIFA star-forming galaxies sample used in this work for the analysis of SDSS star-forming galaxies, a series of tests have been performed. First, the similarity between the galaxy stellar mass distributions of both samples has been statistically confirmed applying a Kolmogorov-Smirnov (KS) test, from which the following results have been obtained: D n1,n2 = 0.08 and p-value = 0.36, indicating that we cannot reject the hypothesis that both samples are drawn from the same distribution. Second, the relations between SFR-M and galaxy size-M for star-forming galaxies from CALIFA and SDSS samples have been analysed (see Appendix A); conclusive positive results have been achieved showing how the medians of the SFR of CALIFA galaxies are consistent with the results obtained in this work for SDSS galaxies over the whole range of galaxy mass (see Fig. A.1) . Likewise for the galaxy size-M relation, the plot of R 50 vs. M (see Fig. A.2) shows that the medians of CALIFA galaxies are clearly consistent with the SDSS galaxies distribution.
SDSS Hα fluxes were previously corrected for extinction using the Balmer decrement as measured by the Hα/Hβ ratio (F Hα/Hβ ap, corr ). To do so, the median Hα/Hβ flux ratio growth curve normalised to the Hα/Hβ flux ratio at 2.5R 50 , X(αβ 50 ), was applied to each galaxy, and the Hα/Hβ ratio was computed according to its corresponding value of 1.5/R 50 following IP16 (see Eq. 3):
7 For those galaxies in the final sample with 1.5/R 50 ≥ 2.5 (172 objects) aperture correction of the Hα flux was applied according to 
being X(α 50 ) = 0.0037x 5 + 0.0167x 4 −0.2276x 3 + 0.5027x 2 + 0.1599x where x = (1.5/R 50 ) for each galaxy. According to IP16, for an aperture radius of 2.5R 50 an average of ∼ 85% of the total Hα flux of (non-AGN) spiral galaxies is enclosed.
Equation 5 , and f(Hα) is the reddening curve.
Aperture-corrected star formation rate
The present day SFR is defined as the stellar mass formed per unit time traced by the young stars. The SFR can be derived from the Hα luminosity, and it is parametrized as SFR = L(Hα)/η Hα , the ratio of observed Hα luminosity 8 to the conversion factor η Hα (Brinchmann et al. 2004b ). The parameter η Hα varies with the physical properties of the galaxy, total stellar mass, and metallicity (see Charlot et al. 2002; Hirashita et al. 2003; Brinchmann et al. 2004b) . Kennicutt et al. (2009) assumed η Hα is a constant value, η Hα = 10 41.26 erg/s/M /yr, which resulted in a good typical conversion factor, though η Hα can in fact vary as much as ∼0.4 dex going from the least to the most massive galaxies (Brinchmann et al. 2004b) . In order to parametrize the variation of the η Hα as a function of stellar mass, we have used the median of the η Hα likelihood distribution for the five stellar mass ranges as shown in fig. 7 in Brinchmann et al. (2004b) : log(M /M ) < 8; 8 < log(M /M ) < 9; 9 < log(M /M ) < 10; 10 < log(M /M ) < 11; log(M /M ) > 11. The relation between η Hα and galaxy stellar mass has been parametrized through a two-order polynomial fit as presented in Eq. 6: log(η Hα adj ) = −0.011 x 2 + 0.124 x + 41.107,
where x = log(M /M ).
We used the values of η Hα from Eq. 6 to calculate the SFR = L(Hα)/η Hα for our galaxy sample. Hereafter, we refer to the aperture-corrected log(SFR) − log(M ) relation as the SFR-M relation for our sample of galaxies. Also, from now on we refer to the SFR and the specific SFR (sSFR = SFR/M ) derived here as the empirical aperture-corrected SFR and sSFR for star-forming galaxies.
Notwithstanding the above, possible effects associated with, for example, diffuse ionised gaseous emission, geometry, or galaxy inclination should be considered (e.g. Relaño et al. 2006; Kennicutt et al. 2009; Kennicutt & Evans 2012; van der Wel et al. 2014) . Although a comprehensive study of these effects could be hard to handle (e.g. Kennicutt & Evans 2012) , recent work by Iglesias-Páramo et al. (2013 concluded that the Hα flux growth curve and the Hα/Hβ are insensitive to the galaxy inclination for a broad range of b/a (i.e. galaxy diameters ratio) including from edge-on to face-on galaxies. The effects of the geometry of the HII regions and the contribution of the diffuse ionised gas component are more difficult to quantify. We believe that these effects should be statistically minimised in this work, given the size of the sample and the large diversity of galaxy types used in IP16.
Results
Extinction of the star-forming galaxies in the SDSS sample
The extinction suffered by the Hα photons, A(Hα), derived in this work goes from 0 to 2 mag, with a median of A(Hα) = 0.85 mag 9 (in agreement with previous work: Buat et al. 2002; Hopkins et al. 2003; Brinchmann et al. 2004b; Nakamura et al. 2004; Momcheva et al. 2013) . A(Hα) presents a strong dependence with galaxy mass, as shown in Fig. 2 (left panel) , being larger for more massive galaxies, (see Brinchmann et al. 2004b; Whitaker et al. 2012; Momcheva et al. 2013; Koyama et al. 2015) . Moreover, A(Hα) shows a trend with the SFR, with A(Hα) ≤ 0.2 mag for those galaxies presenting the lowest SFR (log(SFR/M yr −1 ) ≈ −0.5) whereas the highest values of A(Hα) are associated with the galaxies with the largest SFR (Fig. 2 central panel) . Only a mild trend can be appreciated when A(Hα) is plotted versus the sSFR, confirming the strong weight that galaxy stellar mass has in the variation of A(Hα). The behaviour of A(Hα) as a function of EW(Hα) is shown in Fig. 2 (right panel) . Galaxies showing the median value of A(Hα) cluster around EW(Hα) ∼ 15Å. For EW(Hα) > 30Å, A(Hα) presents a strong decline, approximating to values near 0.2 mag and lower for EW(Hα) above 60Å. An upper envelope for the maximum of the A(Hα) can be seen, decreasing towards larger values of EW(Hα).
The results presented above tell us that the A(Hα) extinction correction can be substantial and therefore must be applied to all galaxy samples to be used in the study of the SFR. Moreover, these results also show that the behaviour of A(Hα) appears to be different depending on the EW(Hα) of star-forming galaxies, showing a strong relation with galaxy mass and total SFR (see e.g. Koyama et al. 2015) .
Parametrizing the aperture-corrected SFR-M relation
for star-forming galaxies
In Fig. 3 we present the aperture-corrected SFR-M relation for our sample of star-forming galaxies (see Sect. 2.2). The SDSS fibre flux for each galaxy was corrected for aperture and extinction as explained in Sect. 3.1. The SFR was derived for each galaxy of the sample applying the methodology described in Sect. 3.2. The running median of the distribution of points plotted in Fig. 3 (red solid line) has been fitted with the following analytical expression:
log(SFR(Hα)) = −0.03105x 3 + 0.892x 2 − 7.571x + 17.71, (7) where x = log(M /M ).
For the sake of comparison with previous work (see Sect. 5), a straight linear fit to the running median distribution in Fig. 3 has been obtained as follows:
where slope α = 0.935(±0.001), β = −9.208(±0.001), and x = log(M /M ).
Figure 3 also shows the three-order polynomial fit to the running median of the values of SFR computed from the SDSS fibre flux without any correction by aperture (green dashed line). It is clear from Fig. 3 that the corrected SFR is, on average, more than 0.65 dex above the values corresponding to the SDSS fibre flux. The SFR-M relation obtained is consistent with the relation shown by Catalán-Torrecilla et al. (2015) for their sample of star-forming galaxies of the CALIFA survey (see Fig. A.1 ).
The inset plot shows the sSFR-M relation for our sample, corrected for aperture and extinction. The fits to the running medians of the aperture-corrected sSFR-M (red solid line) and the SDSS fibre fluxes (green dashed line) are also shown. From the sSFR-M relation, we observe that the fit to the running median distribution is decreasing slightly for the entire stellar mass range selected, consistent with recent predictions (see e.g. Sparre et al. 2015 , and references therein).
For the sake of completeness, in Table 2 we present median values (±1σ confidence interval) of the derived log(SFR) for twelve stellar mass bins (∆ log(M /M ) = 0.25 dex each) within the range 8.5 ≤ log(M /M ) ≤ 11.5. In column 1 the range of log(M /M ) is presented, column 2 shows the log(SFR/M yr −1 ), and the number of galaxies per stellar mass bin is quoted in column 3.
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Notes. The columns correspond to: (1) range of log(M /M ); (2) median value of log(SFR/M yr −1 ) and error value; (3) number of galaxies.
Aperture-corrected SFR as a function of the M and z interval
The aperture-corrected SFR as a function of the M is studied in six redshift bins in the range 0.005 ≤ z ≤ 0.22. Figure 4 presents this evolution for the star-forming galaxy sample in the following redshift intervals: 0.005 ≤ z < 0.05, 0.05 ≤ z < 0.08, 0.08 ≤ z < 0.11, 0.11 ≤ z < 0.14, 0.14 ≤ z < 0.18, and 0.18 ≤ z ≤ 0.22. In this figure, for each z range, the corresponding line is the fit to the running median of the differences between the aperture-corrected SFR and the SFR within the SDSS fibre as a function of the M . This figure shows that: i) over the whole range of galaxy stellar masses studied, the average aperture correction goes from ∼0.7 to ∼0.8 for 0.005 ≤ z ≤ 0.05; ii) aperture corrections increase with galaxy mass for each redshift interval for 0.05 ≤ z ≤ 0.22; reaching from ∼0.2 for log(M /M ) = 10 to ∼0.6 for log(M /M ) = 11, for 0.18 ≤ z ≤ 0.22.
In Table 3 , for each z range, we present the median (±1σ confidence interval) of the derived log(SFR/M yr −1 ) and log(M /M ) along three stellar mass bins and for the whole mass range (8.5 ≤ log(M /M ) ≤ 11.5) for six redshift bins in the range 0.005 ≤ z ≤ 0.22. In column 1 the ∆z is displayed, the ∆log(M /M ) is presented in column 2, column 3 shows the log(SFR/M yr −1 ), column 4 shows the log(M /M ), and the number of galaxies per stellar mass bin is quoted in column 5. All this information is presented in Fig. 5 for the sample of galaxies in the range of redshift and stellar mass considered. In this figure we show the relation between total SFR and M for our sample of star-forming galaxies, along three stellar mass bins for the whole mass range (8.5 ≤ log(M /M ) ≤ 11.5), and for six redshift bins in the range 0.005 ≤ z ≤ 0.22. Fig. 5 . Relation between the SFR and M for SDSS star-forming galaxies, along three stellar mass bins for the whole mass range (8.5 ≤ log(M /M ) ≤ 11.5) and for six redshift ranges in the range 0.005 ≤ z ≤ 0.22. The black solid line represents the fit to the running median for bins of 1,000 objects in this work for each redshift range. Red dots represent the medians of SFR and M per stellar mass bin and redshift range. The error bars in x-and y-axis represent the ±1σ confidence interval for stellar mass and SFR, respectively. The symbol sizes increase with the number of objects contained in each mass range.
Discussion
We start by comparing our SFR values (Sect. 3.2) with the ones provided by the MPA-JHU database.
10 The MPA-JHU database gives the SFR within the 3" fibre of the SDSS and the total SFR corrected for aperture (Brinchmann et al. 2004b; Salim et al. 2007 ) (hereafter SFR MPA ). Brinchmann et al. (2004b) originally 10 A total of 4,566 star-forming galaxies from our final sample are not considered since the MPA-JHU database provided -9999 for their SFR values.
corrected fibre SFRs from aperture effects using the resolved colour information available for each galaxy. Salim et al. (2007) noted an overestimation of these SFRs for galaxies with low levels of star formation, attributed to the larger contribution from dusty high-metallicity starbursts inside these galaxies.
11 Consequently, these authors improved the Brinchmann et al. (2004b) technique (see Salim et al. 2007 , for a detailed description) and Fig. 3 . Relation between the SFR and M for star-forming galaxies. The red solid line and green dashed line represent the fit to the running median for bins of 2,000 objects in this work and in the SDSS fibre, respectively. The red dotted line represents the linear fit to the running median for bins of 2,000 objects in this work. The vertical black line shows the 1σ average dispersion (∼ 0.3 dex). The inset plot shows the sSFR-M relation for our sample and the running median, for bins of 2,000 objects, for the sSFR corrected for aperture (red solid line) and inside the SDSS fibre (green dashed line). Fig. 4 . The empirical SFR corrections (total -SDSS fibre) vs. M relation. Red, blue, green, magenta, orange, and gold lines represent the fit to the running median for bins of 1,000 objects in six redshift bins up to z = 0.22 for a sample of star-forming galaxies. The numbers of star-forming galaxies in each redshift bin appear on the legend. The vertical black dotted line corresponds to the reference value at log(M /M ) = 10. Table 3 . Values of stellar mass and aperture-corrected SFR per stellar mass and redshift bins corresponding to the median (±1σ confidence interval) of the distribution for the star-forming galaxies in the total sample.
8,050
Notes. The columns correspond to: (1) range of z considered; (2) range of log(M /M ); (3) median value of the log(SFR/M yr −1 ) and error value; (4) median value of the log(M /M ) and error value; (5) number of galaxies. several studies have used these values of SFR reported by these authors (e.g. Zahid et al. 2012; Renzini & Peng 2015) .
A different aperture correction was applied by Hopkins et al. (2003) , assuming that the Hα emission-line flux can be traced across the whole galaxy by the r-band emission. Hopkins et al. (2003) derived the total Hα flux as a function of the difference between the total petrosian r-band magnitude (r petro ) and the corresponding magnitude inside the SDSS fibre (r fibre ) as: F corr Hα = F 0 Hα × 10 −0.4(r petro −r fibre ) (see also Pilyugin et al. 2013) . For the sake of comparison, the total Hα flux and the corresponding L(Hα) and SFR for all the galaxies in our final sample was recalculated according to the aperture correction recipe from Hopkins et al. (2003) [equation B3, appendix B] . Here we have refined the Hopkins et al. (2003) recipe for Hα flux aperture correction following the methodology explained in Sect. 3.2. The only difference between our refined Hopkins et al. (2003) recipe and Hopkins et al. (2003) methodology is that the former is based on Eq. 6 which converts Hα into SFR, while the latter uses a constant conversion value of 41.26.
In Fig. 6 (left plot) we show the difference between SFR MPA and the empirical SFR derived in this work (SFR This work ) as a function of SFR This work . In the right plot we present the difference between the SFR derived applying the Hopkins et al. (2003) aperture correction and SFR This work as a function of SFR This work . We discriminate between high-(EW(Hα) ≥ 40Å; blue points) and low-level (EW(Hα) < 40Å; red points) Hα emitting galaxies. The left plot shows that: i) a significant scatter is present, especially for the low-level Hα emitters, being critical (over 1 dex) for low SFRs; and ii) those galaxies with large SFRs and high EW(Hα) show values of SFR MPA somewhat closer to the ones derived in this work, though large systematic differences and big scatter remain. In the right plot, the average SFR values derived according to Hopkins et al. (2003) show a systematic difference with respect to SFR This work ones, and a significant scatter (up to ∼1dex) is apparent. Galaxies with EW(Hα) < 40Å present a larger scatter and a clear offset from those with EW(Hα) ≥ 40Å. The differences between the SFR values derived using Hopkins et al. (2003) recipe and the ones obtained in this work could be reduced when we refine the Hopkins et al. (2003) methodology, as explained above; however, a noticeable scatter and some systematics between red and blue points remain. In this regard, we should bear in mind that the r-band flux of star-forming galaxies includes a contribution from Hα and nearby emission lines and, in fact, should behave as a rough tracer of HII regions. On the other hand, we note in passing that those objects with prominent bulges (likely correlating with the lower level star-formation objects in this sample) should contribute to the emission in the rband in a more significant manner (e.g. Richards et al. 2016) .
In Fig. 7 we show the SFR This work versus M for each galaxy in our sample and compare the fit to the SFR-M relation derived with previous results from theoretical and observational works. We present (panel a) the linear fit to the running median to the SFR-M relation: i) using the empirical total SFR from this work; ii) based on the SFR MPA ; iii) SFR that we obtained applying the Hopkins et al. (2003) recipe and also our refined method of Hopkins et al. (2003) recipe; iv) SFR for the Hα SDSS fibre flux derived in this work. Finally, in this figure (panel c) we also show recent theoretical predictions for the SFR vs. M relation from i) Sparre et al. (2015) at z=0 using the Illustris simulation for star-forming galaxies with stellar masses between 10 9 M and 10 10.5 M and ii) by Dutton et al. (2010) at z=0 using a semi-analytic model for star-forming galaxies with stellar masses between 10 9 M and 10 11 M . In Fig. 7 (panels b and d) we present the differences between the fit to the SFR-M relation of this work and those obtained for MPA-JHU, Hopkins et al. (2003) , our refined method of Hopkins et al. (2003) recipe, Dutton et al. (2010) , and Sparre et al. (2015) . The difference between the aperture-corrected SFR in this work and the SFR corresponding to the SDSS fibre is also shown.
As we can see in Fig. 7 , the overall difference between SFR MPA and this work amounts to ∼ 0.6 dex going from the less to the more massive galaxies. The fit to the SFR-M relation shows that SFR MPA leads to systematically larger values of the SFR for masses M /M < 10 9 (≈0.35 dex) and conversely, under-predicts the SFR 12 by ≈0.3 dex for M /M > 10 11 . Recent studies have reached similar results (e.g. Richards et al. 2016) . 13 In this respect, we should bear in mind that galaxies with log(M /M ) 10.5 may host large bulges containing little star formation, and therefore for these objects aperture correction can be problematic (e.g. Brinchmann et al. 2004b; Momcheva et al. 2013; Richards et al. 2016) . Conversely, for less massive galaxies, the aperture problems become considerably smaller. The empirical SFR-M fit of this work also shows a systematic difference with the relation derived using Hopkins et al. (2003) . The fit to the points obtained with the refined method of the Hopkins et al. (2003) recipe presented here gives a much better result. Excellent agreement is found with the Sparre et al. (2015) and Dutton et al. (2010) predictions.
It is important to note that the MS slope obtained from SFR MPA is ∼0.71. As far as we know, those studies that used the SFR values from the MPA-JHU catalogue obtained similar slopes (e.g. Elbaz et al. 2007; Zahid et al. 2012; Renzini & Peng 2015 , show slopes of 0.77, 0.71, 0.76, respectively). On the other hand, as mentioned in Sect. 4.2 (see Eq. 8), the MS slope obtained in this work is 0.935. The MS slope calculated in this work is in very good agreement with the predictions of semi-analytical models by Dutton et al. (2010) , giving a zero point of the MS relation consistent with our result. Agreement is also found after the comparison of the MS slope with the predictions of the Illustris cosmological hydrodynamical simulations of galaxy formation by Sparre et al. (2015) .
Finally, the SFR-M relation obtained in this work appears consistent with recent IFS observations of modest-size samples of galaxies (e.g. Catalán-Torrecilla et al. 2015; Richards et al. 2016 ). This concordance is relevant given the fact that total SFR values by Catalán-Torrecilla et al. (2015) and Richards et al. (2016) are obtained integrating the Hα flux over the spatially resolved galaxies, whereas in this work total SFRs are derived from the SDSS fibre Hα flux corrected for aperture effects.
Summary and conclusions
This work provides a robust study of the total empirical SFR of galaxies and its dependence on stellar mass, extinction, and redshift. Here we present the first study that uses total Hα flux, corrected for aperture from empirical Hα growth curves, to analyse the behaviour of present-day SFR and sSFR of all SDSS starforming galaxies. This empirical aperture correction is based on a sample of 165 spiral galaxies from the CALIFA project (IP16). Concurrently, we have derived the SFR-M and the sSFR-M relations applying our considerations. We have compared these relations, free from aperture effects, with other methods (e.g. Hopkins et al. 2003; Brinchmann et al. 2004b ) and with predictions from recent theoretical models (e.g. Dutton et al. 2010; Sparre et al. 2015) .
Our main conclusions are the following:
i) The mean empirical aperture-corrected SFR, averaged over galaxy stellar mass, for the entire sample of SDSS starforming galaxies amounts to ∼0.65 dex. ii) The average aperture-corrected SFR for nearby galaxies, 0.005 ≤ z ≤ 0.05, is between ∼0.7 and ∼0.8. For larger z (0.05 ≤ z ≤ 0.22) aperture corrections increase with galaxy mass along each redshift interval. iii) The aperture-free SFR-M relation obtained in this work is: log(SFR) = 0.935(±0.001) log(M /M ) − 9.208(±0.001). When comparing total SFRs from previous works with ours, 13 We note that in Richards et al. (2016) the sample of galaxies with log(SFR/M yr −1 ) < −1.5 seems to be underpopulated.
A&A proofs: manuscript no. sf_galaxies we find: a) the SFR-M relation by MPA-JHU (Brinchmann et al. 2004b; Salim et al. 2007 ) provides larger SFR values (by ∼0.3 dex) for log(M /M ) ≤ 9; conversely, MPA-JHU SFR values for log(M /M ) ≥ 11 appear systematically lower (by up to 0.3 dex); b) overall consistency is found with selected observational studies based on integral field spectroscopy of individual galaxies (e.g. Catalán-Torrecilla et al. 2015; Richards et al. 2016 ); c) excellent agreement is obtained with theoretical predictions of recent semi-analytic models of disc galaxies (Dutton et al. 2010) , and with Illustris hydrodynamical simulations (Sparre et al. 2015) ; d) the SFRs derived applying the Hopkins et al. (2003) recipe show a systematic difference along the range of galaxy stellar mass. When this derivation is refined following the methodology described in this work (see Sect. 3.2), together with the Hopkins et al. (2003) formula for Hα flux aperture correction, the SFRs obtained appear consistent with our results for high SFR objects, showing substantial scatter notably for the lowest SFR values. iv) A slope d log(SFR)/d log(M ) = 0.935 is derived for our SFR-M relation. This value is higher than those found with MPA-JHU data (e.g. Elbaz et al. 2007; Renzini & Peng 2015) , which are ∼0.76, with a significant spread. The slope found in this work perfectly agrees with recent theoretical predictions (Dutton et al. 2010; Sparre et al. 2015) , giving further support to the empirical Hα aperture correction used. For the specific SFR (sSFR) a slightly decreasing trend is seen along the entire range of stellar mass explored. v) The total SFR values of the entire sample present a clear correlation with extinction, in overall qualitative agreement with recent works (e.g. Whitaker et al. 2012; Koyama et al. 2015) . Red solid line represents the linear fit to the running median for bins of 2,000 objects in the SDSS star-forming galaxies. Red dots represent the median values of size and M for CALIFA star-forming galaxies along five stellar mass bins for an equitable number of galaxies in each bin. The error bars in x-and y-axis represent the ±1σ confidence interval for stellar mass and size, respectively.
